Background: Normalisation of medicinal and recreational marijuana use has in-
| INTRODUC TI ON
Marijuana is the most commonly used illicit drug in the United States, with an estimated 22.2 million past-month users aged 12 years or older in 2015. 1 Since 1996, laws allowing medicinal marijuana use have been passed in 29 states, the District of Columbia (DC), Guam and Puerto Rico, and laws allowing recreational use and sales of marijuana for adults aged 21 and over have been passed in 8 states and DC since 2012. 2, 3 As more states consider legalising marijuana use among adults, it is important to fully understand the effects of marijuana use on individual-and population-level health.
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The growing availability and use of marijuana is important to consider among women of reproductive age. Among US women aged 18-44 years, self-reported past 30-day use of marijuana has increased from 2002 to 2014 from 2.4% to 3.9% among pregnant and from 6.3% to 9.3% among non-pregnant women. 4 Given the increasing trends of marijuana use among women of reproductive age including pregnant women and the changing landscape of legal and medical marijuana in the United States, a more robust understanding of the consequences of prenatal marijuana exposure on children is critical to inform individual decision-making and public health policy, planning and practice. 5, 6 The use of marijuana during pregnancy could have implications for foetal brain development. [7] [8] [9] [10] [11] [12] Marijuana is lipid soluble and able to cross the placenta and blood-brain barrier to accumulate in foetal tissues including brain tissues. 13, 14 It is processed in the body through the endocannabinoid system, which may be involved in brain development through neurogenesis, differentiation, migration and neural circuit wiring. 15, 16 Data suggest that this system exists from the earliest stages of pregnancy, presenting multiple points of vulnerability to exposure of marijuana throughout gestation, although the exact processes of this system's development are still not completely understood in humans. 15, 17 Additionally, there is evidence of several adverse effects on the brain and cognition, including structural damage, learning and memory deficits, and impaired motor function in adolescents and adults who are active marijuana users. [18] [19] [20] [21] [22] [23] [24] [25] Therefore, marijuana exposure has potential adverse effects on brain development in prenatally exposed children. 26 The strongest evidence of adverse effects of prenatal marijuana exposure comes from animal studies. [7] [8] [9] These studies demonstrated that even low doses of marijuana during pregnancy can result in adverse cognitive and developmental effects in offspring. [7] [8] [9] In human studies, there are variations in the effect's direction, degree and duration. 11, 12 Moreover, it is often difficult to discern whether the effects are due solely to marijuana or to a combination of marijuana with another substance the mother may have used concurrently. [27] [28] [29] Syntheses of studies that have examined prenatal marijuana effects on children's brain development, while controlling for other substances use, are limited. 6 Existing systematic reviews have partially examined consequences of prenatal marijuana exposure in children; however, they have certain limitations. Among infants, a 2016 review found increased irritability, tremors and startles, and decreased stability scores in exposed neonates compared to unexposed neonates.
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Two systematic reviews from 2007 and 2012 examining cognitive functions in children with prenatal exposures to marijuana, alcohol, cocaine, tobacco, lead and mercury found evidence for long-term damage to attention resulting from prenatal marijuana exposure, attempting to control for use of other substances; however, these studies involved adolescents. 31, 32 By adolescence, subjects may have been affected by other potential developmental insults, including their own substance use, and it is difficult to distinguish consequences resulting from prenatal exposure.
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A 2011 summary article focused mainly on the endocannabinoid system and animal studies supporting evidence of marijuana's potential to interfere with the role of this system in development and did not employ systematic review methodology. 15 Additionally, a recent consensus study by the National Academies of Sciences,
Engineering and Medicine noted the dearth of good or fair quality systematic reviews examining associations between maternal marijuana use and offspring's cognition or academic achievement.
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Given the abovementioned gaps in the scientific literature, this study presents the findings of a systematic review of the impact of prenatal marijuana exposure on neuropsychological functioning in children aged 1-11 years.
| ME THODS
Literature searches for this review were conducted by a librar- Additionally, a cited reference search was conducted to identify articles missed in the searches. 35 Appendix S1 of the supplemental materials provides an example of terms used in Medline.
Search terms included terms for marijuana (eg, cannabis, hash, ganja), pregnancy (eg, pregnancy, pregnant women, in utero) and outcomes (eg, cognitive disorders, intelligence, learning, executive functions, attention). All terms were entered as subject head-
ings, text words and Medical Subject Headings (MESH) terms per requirements of each database. Detailed overview of the search and selection strategy is available in the supplemental materials (Appendix S1).
Preferred Reporting Items for Systematic Reviews and MetaAnalyses (PRISMA) guidelines were used to track literature review results and to standardise the review process. 36 The PRISMA flow diagram is displayed in Figure 1 . Inclusion and exclusion criteria (the supplemental materials, Appendix S1) were designed to include published or unpublished studies documenting neuropsychological outcomes in children aged 1-11 years who had been prenatally exposed to marijuana. Studies of prenatal exposure to multiple drugs were included if results for marijuana exposure and its associations with the outcomes were reported separately from results for other substance exposures. Grey literature, including conference abstracts, dissertations, white papers and reports retrieved by the literature searches, was considered for eligibility.
Reviewers identified 1 doctoral dissertation and 4 conference abstracts that met criteria for full-text review. Authors of the conference abstracts were contacted in regard to potential pending publication of their studies. Full-text review and further research lead to exclusion of these articles.
The literature search and selection consisted of two steps: (a) title and abstract screening, and (b) full text and reference review.
A primary and a secondary reviewer independently reviewed all articles retrieved from the literature search. The articles were divided between nine reviewers who were either subject matter experts in child development and/or substance abuse (authors: SRS, KS, JK, RL, IR) or public health scientists (acknowledged: KA, RP, AJ, LP) trained to perform the review by the subject matter experts. A primary and a secondary reviewer screened each reference to determine whether the reference met inclusion or exclusion criteria.
All articles that were found eligible during the full-text review reported data from longitudinal studies. Additionally, it was found that some articles utilised data from a single study reporting results from different analyses or from different time points of the study.
The reviewers utilised the list of authors and the methodology description of each eligible article, including references to publications reporting study methodology, in order to determine whether articles belonged to a particular study.
The data abstraction instrument developed by the Community Preventive Services Task Force was used to abstract data from the eligible articles. 37 As the data abstraction instrument had been originally designed to assess public health interventions, it was adapted for assessing reports from longitudinal studies. The articles selected for the review were divided among three reviewers (SRS, RP and AJ) for data abstraction. Two reviewers independently coded qualitative and quantitative data from each selected article.
Study quality was graded using the Newcastle-Ottawa scale designed to assess longitudinal studies. 38 It took into account factors of representativeness, comparability and outcome. The scale included assessment of the suitability of study design and quality of study execution to determine each study's utility to answer the research questions. At any step of the review, when discrepancies occurred, primary and secondary reviewers discussed the discrepancy to achieve consensus. Additional reviewers were consulted if needed.
Results were synthesised qualitatively. Utilising a conservative approach, only results that were statistically significant (P < 0.05) in analyses adjusted for potential confounders were considered to be different from the null. Negative association was defined as association between prenatal marijuana exposure and diminished neuropsychological function (eg, lower score for verbal development and higher score for inattention). Positive association Records identified through database* searching (n = 2307)
Screening

Included
Eligibility Identification
Additional records identified through the Cited reference search (n = 62)
Records after duplicates removed (n = 1943)
Records excluded (animal studies, outcomes in adults, non-research publications, reviews, studies of the prevalence of marijuana use, outcomes other than cognitive and executive function, conference abstracts and duplicates missed by the automated de-duplication) (n = 1648)
Full-text articles excluded (reviews, animal studies, a case report, a paper in Danish language, a paper with no full text available, conference abstracts, duplicates missed previously, polydrug exposure with no disaggregated marijuana data, outcomes outside the 1-11 years age range, marijuana studies not investigating association with cognitive development) (n = 274)
Full-text articles assessed for eligibility (n = 295)
Studies included in qualitative synthesis (n = 21) TA B L E 1 (Continued) was defined as association between prenatal marijuana exposure and enhanced neuropsychological function (eg, higher score for attention and lower score for impulsivity). High heterogeneity of assessment tools, analytical approaches and reported effect sizes precluded a quantitative assessment of publication bias and meta-analysis.
| RE SULTS
Twenty-one articles were eligible for review and analysis (Table 1) ; the review process determined that these articles were based on data from 7 distinct longitudinal studies. There were 4 US stud- in New Zealand; and a study in Jamaica (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) ). All the studies were of high quality (ranked 7-9 out of nine stars) based on the Newcastle-Ottawa Scale (Table 2 ).
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Each of the seven studies utilised a variety of instruments to assess children's neuropsychological outcomes (Table 3) .
Instruments varied from very specific, measuring only one func- Most analyses found no associations between prenatal marijuana exposure and children's outcomes or found associations that were significant in bivariate analyses but not in adjusted analyses (Table 3) . Table 1 lists comparison groups and covariates that each article used for adjusted analyses.
| Ottawa prenatal prospective study
Eight of the articles reported on results of OPPS (Tables 1-3 ). This was a longitudinal study of the effects of prenatal marijuana, cigarette and alcohol use in offspring in a mostly low-risk, middle-class population of the Ottawa area, Ontario, Canada. [44] [45] [46] [47] [48] [49] [50] [51] Recruitment took place through advertisement in media and obstetricians' offices.
Analyses of the children at ages 1 and 2 years found no associations between prenatal marijuana exposure and cognitive outcomes, but found that prenatal marijuana use was associated (P < 0.05) with higher scores on the 1-year-old Primary Composite score of the Infant Behavior Record that assessed interests and attitudes (ie, that children exposed in utero had higher developmental levels than children who were not exposed). 44 At ages 3 and 4 years, McCarthy quantitative scores were lower among children with heavy prenatal marijuana exposure before adjustment for confounding, but moderate marijuana exposure correlated with superior motor performance on the McCarthy test, even after adjustment for confounders.
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There were no differences on a series of cognitive tasks (eg, memory, verbal and perceptual scores) between 5-and 6-year-old children with and without prenatal marijuana exposure. 46, 47 For children aged 6-9 years, there was no statistically significant relationship after adjustment between prenatal marijuana exposure and parental ratings of behaviour problems, visual-perceptual tasks, language comprehension or distractibility. 48 Prenatal marijuana exposure was not associated with deficits in reading, language or psychometrically determined intelligence in children aged 9-11 years. 49, 50 Prenatal marijuana exposure was negatively associated with performance in visual problem-solving situations as measured by WISC Perceptual
Organization Index in children aged 9-11 years. 51 The Perceptual
Organization Index assesses non-verbal reasoning and hypotheses testing drawing upon visual-perceptual skills.
| Maternal health practices and child development project
MHPCD findings were reported in six articles (Tables 1-3) . [52] [53] [54] [55] [56] [57] Participants in MHPCD were women of lower socio-economic status, recruited from an outpatient prenatal clinic in Pittsburgh, of impulsivity at age 6 years using a continuous performance task, but a positive association (P < 0.05) with attention using this same task. At age 10 years, there were associations (P < 0.05) between prenatal exposure to marijuana and child behaviour problems and school achievements. Specifically, first and third-trimester exposure to marijuana was associated with increased hyperactivity, inattention and impulsivity, and heavy second and third-trimester exposure was associated with increased delinquency and externalising behaviour problems. 55 Associations were reported between firsttrimester prenatal marijuana exposure and lower predicted reading and spelling scores, and between second trimester exposure and deficits in reading comprehension and underachievement, all at age 10 years (P < 0.05). 56 A similar analysis by Richardson and colleagues 57 suggested that prenatal marijuana exposure was associated with increased impulsivity in 10-year-olds based on continuous performance task.
| Prenatal cocaine exposure study
Two eligible articles used data from a longitudinal prospective study of the developmental effects of prenatal cocaine exposure conducted in Ohio (Tables 1-3) . 58, 59 Study participants were patients of a large urban hospital who had clinical indications of illicit drug use and had no private health insurance. At age 4 years, there was no relationship between prenatal marijuana exposure and performance on the tapping inhibition test, a measure of ability to resist acting impulsively; 58 however, heavier prenatal marijuana use was associated with lower ability to maintain sustained attention. (Tables 1-3) . 60, 61 Neither article found statistically significant associations between marijuana exposure and child IQ, attention or impulsivity at ages 6, 9 and 11 years.
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| Jamaica study
One article examined data from a longitudinal study of children born to mothers living in rural areas of Jamaica and having low income.
The women were recruited through fieldwork with the assistance of nurses from the Jamaican Ministry of Health antepartum clinics (Tables 1-3) . 62 This study differed from the others as marijuana 
| National maternal and infant health survey
One article by Faden and colleagues analysed data from NMIHS. 63 This longitudinal follow-up survey was conducted by the Centers for Disease Control and Prevention. The survey sampled participants from live births occurring in 1988, based on race and/ or birthweight strata, to look at poor pregnancy outcomes. 64 Women from the 1988 survey were re-contacted and interviewed in 1991. Faden's study differed from the others included in this review as child outcome was determined by self-report from the mothers via detailed questionnaires mailed after the birth and when the child reached age 3 years rather than by direct assessment (Tables 1-3) . 63 Prenatal marijuana use was associated with increased fear, poorer gross motor development and shorter length of play at age 3 years, which impeded overall ability to get along with peers. 63 
| Infant development, environment and lifestyle (IDEAL) study
IDEAL is a prospective, controlled longitudinal study of prenatal methamphetamine exposure from birth to 36 months, conducted in the United States and New Zealand (Tables 1-3) . 65 Independent and hospital-based midwives recruited mothers. Among 4.5-year-olds from the New Zealand study population, prenatal marijuana exposure was found to be associated with improved global motion perception compared to non-exposed children (P = 0.001).
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Global motion perception is ability to recognise speed and direction of moving objects and is linked to cognitive skills and social competence. 67 
| COMMENT
| Principal findings
Among the 21 reports completed from seven longitudinal studies, results varied on the association between prenatal marijuana exposure and child's neuropsychological functioning. Several analyses found statistically significant associations between prenatal marijuana exposure and both decreased and increased neuropsychological functions, while others found no significant associations. These findings indicate that the specific effects of prenatal marijuana exposure remain unclear. However, while more research is warranted to clarify the specific effects of prenatal marijuana exposure, there were more instances of negative than positive associations among the articles, suggesting that exposure to marijuana may be harmful to neuropsychological functioning.
18-21
The analyses that found positive associations suggested improved aspects of attention and perceptive abilities in exposed children aged 1-6 years. While the positive findings were statistically significant, it is important to note that cognitive testing on children aged ≤5 years is typically not as reliable as testing performed when children are older and better able to communicate and understand the tasks presented to them. 68, 69 In contrast, the significant negative associations were mostly drawn from testing of children over 6 years old, and the majority of studies without statistically significant results still showed decrease in neuropsychological functions.
These results suggest some potential adverse effects of prenatal marijuana exposure on attention and perceptive abilities, in addition to decreased general cognitive function, memory, impulse control, IQ and reading comprehension especially in children aged >6 years. a When all articles belonging to a single study received same score, the cells were combined to save space. b Study has met the requirement to be awarded the star, however, this information was not in the reviewed article, and was found in a different publication that did not meet eligibility criteria for this review (.5 score point).
c As outcome of interest is affected cognitive development, all articles were awarded star for this question since all studies had enrolled participants at birth. No associations 3 y OPPS, Fried, 1990 Negative association 4 y OPPS, Fried, 1990 No associations 4, 5 and 6 y Jamaica study, Hayes, 1991; OPPS, Motor performance score Positive association in moderately exposed children compared to unexposed and heavily exposed 3 y OPPS, Fried, 1990 No associations 4, 5 and 6 y OPPS, Fried, 1990; ; Jamaica study, Hayes, 1991 Memory score No associations 3 y OPPS, Fried, 1990 Negative association 4 y OPPS, Fried, 1990 No associations 4, 5 and 6 y Jamaica study, Hayes, 1991; OPPS, Verbal score No associations 3 y OPPS, Fried, 1990 Negative association 4 y OPPS, Fried, 1990 No associations 4, 5 and 6 y Jamaica study, Hayes, 1991; OPPS, Quantitative score Negative association 3 y OPPS, Fried, 1990 No associations 4 y OPPS, Fried, 1990 No associations 4, 5 and 6 y Jamaica study, Hayes, 1991; OPPS, Perceptual score No associations 3 y OPPS, Fried, 1990 Negative association 4 y OPPS, Fried, 1990 No associations 4, 5 and 6 y Jamaica study, Hayes, 1991; OPPS, (Continues) 
| Limitations of the data
However, despite these strengths, all of the studies used in this review were subject to several limitations. First, concurrent use of other substances was present among study participants, except the single Jamaican study of participants who used marijuana almost exclusively. 62, 72 Tobacco and alcohol were the most frequent. Prenatal nicotine exposure is a known determinant of negative health outcomes for children and tends to be a significant confounder for marijuana research. 69, 73 Smoking tobacco during pregnancy can cause tissue damage affecting foetal brain development and has been associated with negative behavioural and cognitive outcomes throughout the lifetime, including conduct disorder, attention-deficit/ hyperactivity disorder, poor academic achievement and cognitive impairment. [74] [75] [76] [77] Alcohol use may also be a source of confounding in this research, as foetal alcohol spectrum disorders (FASDs) can cause a variety of physical and cognitive impairments. 78 Prenatal alcohol exposure is associated with deficits in memory, attention span, verbal learning, motor function and a lower overall IQ. 79 The prenatal cocaine exposure study and the developmental effects of prenatal substance exposure study examined concurrent use of cocaine, and the IDEAL study examined methamphetamine. Only three articles reported that self-reported drug use was confirmed by toxicology tests. 58, 59, 61 While all of the articles in the review at- a Negative associations were defined as statistically significant association in analyses adjusted for potential confounders between prenatal marijuana exposure and diminished neuropsychological function, for example lower scores on reading comprehension or memory; or higher scores on errors, impulsivity, inattention, or underachievement (P < 0.05), regardless of the trimester of exposure. Positive associations were defined as statistically significant associations in adjusted analyses between prenatal marijuana exposure and enhanced neuropsychological function, for example higher scores on reading comprehension or memory; or lower scores on errors, impulsivity, inattention, or underachievement (P < 0.05), regardless of the trimester of exposure. Non-significant negative and positive associations were defined as statistically significant negative or positive associations found in bivariate analyses but not in adjusted analyses (P ≥ 0.05). No association-the analyses did not find associations between prenatal marijuana exposure and neuropsychological functions in bivariate and adjusted analyses. 
| Interpretation of findings
When interpreting the findings of this review, it is important to note that neuropsychological functioning is a multidimensional construct.
The children in our review were tested at a wide variety of ages.
Testing at different ages changes the tools available to measure ability, as younger children will not be able to complete the same tasks that older children can. While there are some effects of prenatal marijuana exposure on neuropsychological functions in children, one has to exercise caution interpreting these effects. On one hand, though cognitive function effects due to prenatal marijuana exposure may be small in magnitude and often are not statistically significant, they may still have a significant impact on social outcomes for an individual in later life. 85, 86 Thus, it is important to fully understand the risks of exposure in the light of the changing culture and political climate surrounding marijuana. On the other hand, additional factors, including genetics, maternal cognitive abilities, 87 medical conditions, such as preterm birth or nutritional deficits, and environmental influences, such as parenting, preschool attendance or lead exposure, may influence the detectable effects of prenatal marijuana exposure.
56,62
| CON CLUS IONS
This systematic review suggests possible negative associations between prenatal marijuana exposure and neuropsychological functions, such as attention, memory and impulse control in older children. However, the available literature shows mixed results and does not allow us to confidently exclude other explanations, including confounding and publication bias. More mixed results
were found for the association with prenatal marijuana exposure and language development, reading and composite IQ scores. More complete reporting of the findings made by existing studies could facilitate data accumulation and meta-analyses, allowing for a more robust assessment of these associations. More recent data capturing the effects of marijuana in the absence of polysubstance use and changing dynamics in use could also be beneficial. While data are beginning to accumulate, educating the public about potential dangers of marijuana use during pregnancy is warranted.
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